A new, global analytical potential energy surface is constructed for the X 1 AЈ electronic ground state of HOCl that accurately includes the HClO isomer. The potential is obtained by using accurate ab initio data from a previously published surface ͓Skokov et al., J. Chem. Phys. 109, 2662 ͑1998͔͒, as well as a significant number of new data for the HClO region of the surface at the same multireference configuration interaction, complete basis set limit level of theory. Vibrational energy levels and intensities are computed for both HOCl and HClO up to the OHϩCl dissociation limit and above the isomerization barrier. After making only minor adjustments to the ab initio surface, the errors with respect to experiment for HOCl are generally within a few cm Ϫ1 for 22 vibrational levels with the largest error being 26 cm
I. INTRODUCTION
There has been considerable interest in the spectroscopy and photochemistry of hypochlorous acid, HOCl, due to its role in the balance of stratospheric ozone in the polar regions. In particular, HOCl is believed to play an important role in converting relatively stable chlorine reservoir compounds into more reactive species via heterogeneous chemistry on polar stratospheric clouds. 1, 2 To facilitate the atmospheric monitoring of the concentration of HOCl, a large number of high resolution spectroscopic studies have been carried out ͑cf. Ref. 3͒ . Recent work in this regard includes the infrared absorption experiments of Abel and co-workers, [4] [5] [6] where several ''dark'' states were assigned based on their effect on nearby ''bright'' states, and the double resonance experiments carried out in the groups of Sinha [7] [8] [9] and Rizzo, [10] [11] [12] where the band origins for the 6 1 and 7 1 states, as well as the dissociation energy of HOCl, were accurately determined.
In our previous work, 13 referred henceforth as paper I, a semiglobal potential energy surface ͑PES͒ for the electronic ground state of HOCl was calculated using accurate multireference configuration interaction ͑MRCI͒ wave functions with extrapolations to the complete basis set ͑CBS͒ limit. With slight adjustments, this PES was shown to accurately reproduce the HOCl experimental vibrational frequencies up to 7 1 to within a few cm
Ϫ1
. This surface has been used in large-scale variational calculations 14 of the vibrational bound states of HOCl, as well as in the calculation of selected resonance states. 15, 16 Recently another semiglobal PES for HOCl has been reported by Hauschildt et al. 17 using similar methods. However, in both our previous work and that of Hauschildt et al. the small angle and large R OH portions of the HOCl potential energy surface were not extensively treated and hence the HClO isomer was not included. This work significantly extends the range of our original surface 13 by including a large number of new ab initio data and, after fitting to a new functional form, yields a global, analytical potential energy surface that accurately includes the HClO minimum, as well as the ClOϩH and OϩHCl dissociation channels. Section II contains the details of the ab initio calculations and the fitting procedure, together with the main features of the HOCl PES. Section III reports some adjustments to the ab initio PES and calculations on the adjusted surface of ro-vibrational energy levels of both HOCl and HClO and some resonance states above the OHϩCl dissociation threshold. described in detail in paper I. Briefly, electron correlation was treated at the multireference configuration interaction ͑MRCI͒ level of theory with a full valence complete active space self-consistent-field ͑CASSCF͒ reference function. The doubly external configurations were internally contracted 18, 19 and the multireference Davidison correction 20 (ϩQ) was used throughout. Only the valence electrons were correlated. At each point calculated on the surface, a total of three basis sets was used that ranged in size from double to quadruple zeta ͑denoted in paper I as AVDZ, AVTZ, and AVQZ͒ and were based on the correlation consistent family of sets developed by Dunning and co-workers [21] [22] [23] The effects of basis set truncation were then accurately taken into account by a three-point basis set extrapolation at each geometry to an approximate complete basis set ͑CBS͒ limit using a mixed exponential and Gaussian function. 24 All total energies used in the subsequent fits described below were based on these MRCIϩQ/CBS energies. As shown in paper I, while the extrapolations resulted in relatively minor changes relative to the AVQZ values in the calculated equilibrium geometries and harmonic vibrational frequencies, the asymptotic energetics, i.e., HOCl→OHϩCl, were improved by more than 1 kcal/mol.
As part of the procedure to extend the surface to include HClO, 41 near-equilibrium points in R HCl , R ClO , and ͑HClO͒ were calculated at the MRCIϩQ level of theory with the AVDZ-AVQZ basis sets. The spectroscopic constants of HClO obtained from polynomial fits ͑see, e.g., Ref.
3͒ to this near-equilibrium data are shown in Table I as a function of basis set. Systematic convergence is observed for the spectroscopic constants, as well as the isomerization energy. At the estimated CBS limit, the equilibrium geometry is calculated to be R HCl ϭ1.3065 Å, R ClO ϭ1.5574 Å, and ͑HClO͒ϭ107.86°. In HOCl coordinates, this minimum corresponds to R OH ϭ2.3196 Å and ͑HOCl͒ϭ32.42°. As observed previously for HOCl, the extrapolation has only a small effect on the directly calculated AVQZ constants, with the largest effect being for the R ClO distance. Even at the CBS limit, however, the ClO distance in HClO is still probably too long by about 0.003 Å. The equilibrium isomerization energy at the CBS limit is calculated to be 53.7 kcal/ mol, which should be accurate to within 0.5 kcal/mol.
The present results for HClO can be compared to the previous CCSD͑T͒ calculations of Lee, 25 as well as the recent results of Hernandez et al. 26 and some earlier work. [27] [28] [29] Due to the use of more complete basis sets, our ClO distance is considerably shorter than that obtained in Ref. 25 . In addition, our estimated CBS limit isomerization energy is 1.5 kcal/mol smaller than the CCSD͑T͒ value of Lee with his largest atomic natural orbital basis set. Evidently this is purely a basis set effect and not due to the different correlation treatment. This is bourne out by calculations using the CCSD͑T͒ method at the MRCIϩQ equilibrium geometries of HOCl and HClO with our AVTZ basis set, which yielded an isomerization energy within 0.1 kcal/mol of the MRCIϩQ value shown in Table I . The sensitivity of the isomerization energy to the presence of diffuse functions in the basis set ͑which were not included in Ref. 25͒ is demonstrated by an increase of nearly 6 kcal/mol upon their removal, i.e., AVTZ→VTZ.
B. Analytical representation and general features
Energies were initially calculated on a three-dimensional grid defined by the internal coordinates R OH , R ClO , and the HOCl bond angle : Not all points on this grid were considered, i.e., for angles less than 30°, points with values of R HCl less than 1.0 bohr were not computed. There were also many other points added for longer OH distances, r OH ϭ3.5-5.0a 0 , especially for HOCl angles from ϭ0.01 to 80°. In addition to the points defined by the grid, a total of about 100 points were included around the HOCl and HClO minima and the HOCl→HClO isomerization saddle point. Since the breaking of the OH bond was not explicitly included for much of the calculated surface between 100 and 180 degrees, the data have been extended by extrapolating cuts of R OH for many values of R ClO and by fitting with a generalized Morse oscillator function, 30, 31 V͑R OH ͒ϭV e ϩD e ͓1Ϫe Ϫ␤͑R ͒⌬R ͔ 2 , ͑1͒
where ␤(R)ϭa⌬R 2 ϩb⌬Rϩc and ⌬RϭR OH ϪR OH e . For these extrapolations, the values of D e were constrained by the energy of ClOϩH at the same level of theory ͑see below͒. All together the total number of points included in the analytical fit procedure totaled 1554, of which 400 were obtained from the use of Eq. ͑1͒.
The analytical fit was based on a many-body expansion in the three bond lengths, where R 1 , R 2 , and R 3 are the OH, ClO, and HCl separations, respectively. The sum of the one-body terms, V 28 the result is an apparent barrier in the HCl potential at long HCl distances. Proper treatment of this avoided crossing͑s͒ would involve at least a two-valued potential, which would considerably complicate the resulting three-body potential. The strategy that was chosen involved including only the low energy portion of the HClϩO( 1 D) potential, R 3 ϭ1.4-2.9a 0 , and then smoothly dissociating to all ground state atoms. Thus, for R 3 Ͼϳ4 bohr the potential corresponds to HClϩO( 3 P). A similar treatment of this potential was chosen by Hernandez et al. 26 Because of the resulting lack of data at longer HCl bond distances, the functional form of Eq. ͑3͒ was found not to be stable at long range, and the data was instead fit to the modified LennardJones oscillator function of Le Roy and co-workers, 34 V HCl
where ␤(z)ϭ͚ iϭ0 N c i z i and zϭ(RϪR e )/(RϩR e ), where R ϭR 3 . With Nϭ6, 16 points were fit to within 0.02 kcal/mol. Figure 1 compares the calculated ab initio points with the fitted HCl potential. Table II summarizes the spectroscopic constants calculated from the three two-body potentials and compares them to their experimental values. The results for OH and ClO are essentially identical to those presented in paper I. The calculated equilibrium bond lengths are within a few thousandths of an angstrom from experiment and the harmonic frequencies are within 15 cm
Ϫ1
. The calculated HCl spectroscopic constants are similar in accuracy to those of OH with somewhat better agreement for e . For the calculated dissociation energies, both the OH and HCl D e values differ from experiment by less than 0.5 kcal/mol. The ClO D e is too small by 3 kcal/mol which is primarily due to missing electron correlation effects.
The three-body potential, V HOCl (3) , was formed by subtracting the one-body and two-body contributions from the total ab initio energy at each geometry. The resulting threebody potentials were fit to the functional form
where ͚ cos is the sum of cosines of the three HOCl angles. The radial functions m have a similar form as in Eq. ͑3͒, but with an exponential prefactor that yielded more stable behavior at short distances, 
The reference bond distances, R m 0 , were chosen to be equal to the equilibrium distances in the two-body potentials. With this form and by satisfying the constraints
V (3) becomes zero when any one of the three bond distances goes to infinity and also when at least one of them goes to zero. The final fit used M ϭ7 and Lϭ2, which yielded a total of 294 linear (d i jkl ) and 3 nonlinear (␤ m ) parameters.
As discussed briefly in paper I, the ground state potential energy surface of HOCl has a complicated form near linear geometries ͑ϭ180°͒. Not surprisingly, the functional form of Eq. ͑5͒ does not accurately fit these regions of the surface, hence an additional function was added that has the features appropriate for a conical intersection. This treatment follows closely that of Keller et al., 36 where the coordinates of the threedimensional ridge formed by the intersection are approximately fit at linear geometries in R OH and R ClO to the polynomial
The function added to Eq. ͑5͒ was then
where the switching function f sw (x)ϭ 1 2 ͓1Ϫtanh(␣x)͔ with ␣ϭ7, insured that P Cl did not contribute any pathological behavior outside the region of the intersection. Also, the radial functions m were of slightly different form than those of Eq. ͑5͒, m ϭe
ϭR HCl ). In practice, only the three-body portion of the linear potential was fit to Eq. ͑8͒ and the parameter a, which rounds the cusp as the angle decreases from 180°, as well as the exponential parameters, ␥ m , were determined in a nonlinear fit to three-body energies involving all points for ϭ160°a nd 180°. Use of Nϭ5 yielded 40 additional linear parameters with the same constraints as Eq. ͑7͒, for a total of 334 linear and three nonlinear parameters in the final fit.
Additional conical intersections, which were not explicitly addressed in the present work, were also found to be present for HOCl angles of 0 degrees, i. In the actual fitting of the three-body potential, unequal weights were assigned to the data. The weighting function employed was identical to that used by Partridge with the actual weights being equal to w i ϭs i /V i , where V i is the energy above the minimum in kcal/mol, V top was equal to 150 kcal/mol, and ␣ϭ0.005 mol/kcal. In addition, to better fit the near-equilibrium HClO portion of the PES, this region was given a weight that was 20 times larger than that resulting from Eq. ͑10͒. In the final fit the following RMS errors were obtained ͑in kcal/mol͒:
Due to interactions with other electronic states that were not explicitly included in the fit procedure above ͑especially at small HOCl angles͒, the fitting error increases strongly above 100 kcal/mol.
The spectroscopic constants and relative energetics calculated from the fitted PES for HOCl, HClO, and the isomerization saddle point are shown in Table III . The values for HOCl are in excellent agreement with the near-equilibrium potential function given in paper I as well as our previous fitted surface. The HOCl fundamental vibrational frequencies differ from the accurate experimental values by ϩ10.9, ϩ7.0, and Ϫ3.0 cm Ϫ1 for the OH stretch, bend, and ClO stretch, respectively. The HClO equilibrium geometry from the fitted PES are also in excellent agreement with the nearequilibrium fits. As shown in Table III , the HCl stretch and HClO bending frequencies are 20-30 % lower than the corresponding HOCl modes. The isomerization saddle point is obtained at an energy of 73.5 kcal/mol above the HOCl minimum with a geometry of R OH ϭ1.623 Å, R ClO ϭ1.756 Å and ͑HOCl͒ϭ45.9°.
Equipotential contour plots of the fitted PES are shown in Figs. 3͑a͒-3͑c͒ for fixed R OH (1.82a 0 ), R ClO (3.0a 0 ), and ͑103°͒, respectively. For the most part, these figures look nearly identical to those shown in paper I using a Morsespline fit PES. Of course the largest difference is the region for angles less than 40°, where the previous work was incomplete. In Fig. 3͑a͒ where ͑HOCl͒ is plotted versus R ClO the potential is purely repulsive at angles less than 40°as indicated already in paper I. Figure 3͑b͒ now clearly shows both the HOCl and HClO minima, as well as the intervening saddle point. Barriers for addition of H to ClO are observed for HOCl angles of 180°, 0°, and ϳ70°. The barrier at 0°is greatly exaggerated due to a conical intersection near R OH ϭ5.5 bohr that is not accurately treated in the present work ͑see above͒. Contour plots of R OH vs R ClO for ϭ180°and 30°are shown in Figs. 4͑a͒ and 4͑b͒ respectively. Figure 4͑a͒ clearly shows the location of the linear HOCl conical intersection as a function of R ClO and R OH i.e., the barrier for the HOϩCl→HϩOCl reaction for collinear geometries. At ϭ30°͓Fig. 4͑b͔͒ HOCl is unbound with respect to OHϩCl ͑as shown in paper I for 40°͒, however, the HClO isomer is bound with respect to both OHϩCl and ClOϩH.
III. ADJUSTMENT OF THE PES AND ROVIBRATIONAL CALCULATIONS
The results of preliminary variational calculations have shown that the present PES overestimates the 1 and 2 fundamentals similar to the earlier finding on the previous unadjusted PES. 13 It is not surprising since the present PES has been fitted to the same set of ab initio data as the previous one and merely extended here to include the HClO isomer. To improve agreement with experiment we made several small adjustments to the PES following the same strategy as for the previous PES. First, the HOCl minimum was shifted to the accurate experimental minimum. 38, 39 Second, the internal coordinates were scaled as the following:
Here X i represent the coordinates (R OH ,R OCl ,) and X i eq their experimental equilibrium values. Coordinate scaling has been previously used for adjusting HCO, 40, 41 HCN, 42 and HOCl ͑Ref. 13͒ potentials and resulted in about a 4-5 times reduction of the average error in vibrational energies. The scaling functions ␣ i were determined by trial and error to give vibrational energies in agreement with the three fundamentals and the OH overtones for HOCl. Since no experimental data are available for the HClO isomer, we took results from using the near-equilibrium potential as a target for the PES adjustment near the HClO minimum. No attempts have been made to adjust the PES near the isomerization transition state ͑TS͒. The deviation of our scaling functions from 1.0 do not exceed 1% and therefore the present adjustment procedure leads to very minor changes of the PES. The third adjustment was to the OCl two-body term. We added a small, 0.24 kcal/mol, correction term which decays exponentially with OCl distance. With this correction we obtained a HOCl dissociation energy of D 0 ϭ19 289.5 cm Ϫ1 , in very good agreement with the experimental value, 19 289.6 cm Ϫ1 from Wedlock et al. 10 and Barnes et al. 8 The variational calculations of the HOCl and HClO bound states (Jϭ0) were carried out using a truncation/ recoupling method described in details elsewhere. 14 We omit here the detailed description of the HOCl coordinates, basis set, box size, etc., since they were similar to our previous study. We also computed dipole moments and dipole transition probabilities for both the HOCl and HClO isomers. As in paper I, the dipole moments were calculated as expectation values of internally contracted multireference configuration interaction ͑icMRCI͒ wave functions 18, 19 with the AVQZ basis set 22, 23 ͑see paper I for details͒. To make a direct comparison with our previous results, we used the same dipole function for HOCl as in our earlier study.
14 For HClO, after first rotating into an Eckart reference frame, 43 analytical dipole moment functions were obtained by fitting dipole moments at 41 near-equilibrium geometries to polynomials in simple bond displacement coordinates expanded about the MRCIϩQ/CBS equilibrium geometry. Exact ro-vibrational calculations for the HClO isomer for Jϭ1 were carried out with a recently modified ''MULTIMODE'' VSCF-CI code. [44] [45] [46] [47] The state mixing technique 48 ͑V-Cl͒ based on a virtual state expansion in a basis of eigenstates of a reference VSCF Hamiltonian was used for all these calculations reported below.
For Jϭ0 we computed 813 bound states for HOCl. This is in good agreement with our previous result of 810 bound states, computed using the same method but a slightly different PES.
14 Selected eigenenergies and dipole transition probabilities are in Table IV along with all available experimental data. The adjusted PES shows significant overall improvement as compared to the unadjusted one. The errors for the 1 , 2 , and 3 fundamentals are all less than 1 cm Ϫ1 . The absolute average deviation for the set of 22 vibrations in Table IV is similar to that of our previously published PES, 13 i.e., ϳ5 cm
Ϫ1
. Inspection of Table IV reveals that errors are due to an incorrect OH-bend anharmonic coupling which leads to too large energies of the ͑310͒, ͑320͒, and ͑410͒ combination bands. ͑Assignment is in order of OH stretch, bend, and OCl stretch͒. One of the largest deviations, 21 cm
, is found for the ͑421͒ state. This deviation is in part due to an incorrect comparison, since our computed energies are eigenenergies while the experimental energies reported in Table IV for the ͑500͒ and ͑421͒ states are the band origins fitted for ''zero-order'' states. 6 Using the V-Cl method of MULTIMODE, we found that our ͑500͒ eigenstate includes 0.3 of zero-order ͑421͒ state in agreement with earlier work of Abel et al. 6 Our eigenstate energy splitting, 28 cm Ϫ1 , and average energy, 16 370 cm
, are also in good agreement with the experimental splitting of eigenstates, 25 cm Ϫ1 , and average energy, 16 363 cm Ϫ1 , reported by Abel et al. The minor discord is that the computed positions of the ͑500͒ and ͑421͒ eigenstates are in the reverse order as compared to experiment. The dipole transition probabilities for all states are also given in Table IV . For the 'bright' states, the intensities are essentially the same as those obtained with our previous PES. , is considerably lower than the isomerization TS energy, the calculation of bound states of HClO presents a significant challenge. We found that at least 12 000 3D basis functions were required to obtain reasonably accurate ͑within a few wave numbers͒ energies for HClO eigenstates. To treat HOCl and HClO on equal footing, we placed the basis set origin at the TS geometry and chose as the dissociative coordinate, R, the distance from the H atom to the OCl center of mass. In the present calculations R ranged from 1.8 to 6.0 bohr. This is different from the HOCl variational calculations, where the Cl-OH distance was defined as R. The 3D basis was constructed by recoupling 70 one-dimensional wave functions for r ClO , defined on an interval from 2.0 to 8.0 bohr, with 250 two-dimensional wave functions in R -␥ coordinates, where ␥ is the Jacobian angle. The two-dimensional wave functions were obtained by diagonalization of a reference 2D Hamiltonian in the direct product basis of 70 R by 70 ␥ wave functions.
The results of calculations for the HClO isomer are summarized in Table V . We found that the HClO potential well supports 57 localized states. Only the first three states are truly bound, while all others are above the dissociation threshold and therefore are quasibound. The assignment was based on the analysis of coordinate expectation values obtained in the variational calculations and the values of the expansion coefficients of MULTIMODE wave functions. The plots of expectation values of R OH and R HCl as a function of state number are presented in Fig. 5 . One can see that two states near the top of the barrier have expectation values distinctly different from whose of HOCl and HClO states, and their wave functions are extended into the classically forbidden region under the TS. Due to significant delocalization these two states cannot be unambiguously assigned. Other states are well localized inside the HClO potential well and their assignments are given in Table V . The ͑000͒ dipole moments of HClO were computed to be a ϭϪ3.36 and b ϭ1.01 Debye. ͑The equilibrium values were Ϫ3.41 and 1.04 D, respectively.͒ The strongest dipole transitions were computed for the fundamentals-33, 2.9, and 25 km/mol for 1 , 2 , and 3 , respectively. An additional strong transition, 13 km/mol, for the ͑012͒ state is due to mixing with the HCl stretch state ͑100͒. ͑For HClO states assignments are in the order of HCl stretch, bend, and ClO stretch.͒ We found that the ͑012͒ eigenstate includes two zero-order states, ͑012͒ and ͑100͒, with corresponding coefficients to be 0.82 and 0.55.
With the large basis set employed above, variational rovibrational calculations becomes prohibitively expensive. Instead, we used the MULTIMODE code to compute exact ro-vibrational energies of HClO for Jϭ1 and derive from these energies rotational constants reported in Table V . The relatively small basis used in these calculations was centered at the HClO minimum and did not extend into the HOCl potential well. The basis set consisted of 18 harmonic functions for each normal mode defined on 23 potential optimized quadrature points. All states with sum of quanta less then 18 were included in the CI expansion, resulting in a CI matrix size of 1330. Note that for calculation of the lowest 57 states this basis is adequate and leads to the converged eigenstates. The discrepancy with variational calculations for Jϭ0 was within a few wave numbers for all localized states. From the analysis of rotational constants one can see that HClO is nearly a symmetric prolate top similar to HOCl. The A constant systematically increases with an increase in bending excitation and decreases with an increase in OCl and HCl stretching excitation with an overall variation of less than 25%. The variation of the B and C constants are within 10% of their average values.
In our past studies we used a semi-global PES which did not extend into the isomerization region. Based on the relative energetics of HOCl, HClO, and the isomerization TS we assumed that the presence of the isomer would not affect the dynamics of HOCl dissociation, at least for resonance states near the dissociation threshold. With the new global PES in hand we now are in a position to check this assumption. We carried out two calculations of resonances at Kϭ0, Jϭ19 within the adiabatic rotation approximation using the optical potential method. ͑For a detailed description of this technique see Ref. 15 .͒ For the first calculation we used the PES as it is described above, while for the second calculation we eliminated the HClO minimum from the PES as demonstrated in Fig. 6 . The difference in resonance widths obtained in these two calculations is plotted in Fig. 7 . One can see that the difference does not exceed 6% of width for energies up to 2000 cm Ϫ1 above the dissociation threshold. The largest differences are found for the most narrow widths and thus they might be in part due to numerical roundoff. The difference in real energies was found to be less than 0.01 cm Ϫ1 for all states. These calculations demonstrate that the presence of the HClO minimum has a negligible effect on the HOCl dissociative states near threshold. The result is not surprising since the isomerization barrier is very wide ͑the imaginary frequency computed from the global PES is 578i cm Ϫ1 ) and thus separates the PES into two well defined minima. This conclusion is also supported by our previous discussion of HClO eigenstates, as only a few of them very near the top of the barrier leak into the HOCl potential well.
IV. SUMMARY
A new global, analytical potential energy surface has been calculated for HOCl that accurately includes the HClO isomer. Coordinate scaling has also been used to achieve better agreement with experiment. This simple technique allows us to accurately fit the HOCl fundamentals and OH overtones. After these adjustments of the potential energy surface, the errors for 22 experimentally observed vibrations are generally within a few cm Ϫ1 with the largest error being 26 cm Ϫ1 . The current PES also has the correct experimental dissociation limit and supports 813 bound states in agreement with previous calculations.
We computed and assigned all localized states of the HClO isomer with energies below the vibrational ground state of the isomerization TS for Jϭ0. The HClO potential well supports 57 localized states, of which only the first three are bound. The dipole moments of HClO are computed to be a ϭϪ3.36 D and b ϭ1.01 D. Four of the strongest dipole transitions in the HClO spectrum are due to fundamentals, as well as the ͑012͒ combination band coupled with the ͑100͒ state. We also computed exact ro-vibrational energies for J ϭ1 and from them calculated state dependent rotational constants. The HClO isomer is shown to be a prolate, nearly symmetric top.
Resonance calculations with our original and modified PES have shown that the presence of the HClO minimum has a negligible effect on the resonance states of HOCl near the dissociation threshold. This is attributed to the relatively high and wide isomerization barrier. 
